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ABSTRACT 


Recent progress in optoelectronic technology takes 
practical point~to-point optical data transmission systems 
consistent with military requirements and potentially far 
Superior to wire techniques. This project provides a survey 
of the current state-of-the-art technology and investigates 
the feasibility of a fiber optic interface between a 
receiving antenna and radio receiver in the high freguency 
spectrum. An optoelectronic interface based on the use of 


conventional multimode fiber optics with a light emitting 


diode cptical source and a hybrid Silicon 
photodiode~preamplifiier photodetector was designed, 
constructed, and tested. Siqiat reception Lor the 


interfaced system wasS observed throughout the receiver 


spectrun. 
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I. JNTRODUCTION 

Recent advances in solid state optical sources and 
detectors and the fabrication of low loss optical fibers 
make their use practjcal in future communication systens. A 
fiber optic transmission system iS considered potentially 
fdr SUPELiOLr to and offers inherent advantages over 
conventicnal electrical lines. The fact that fiber cptics 
can reduce the size and weight necessary for a given 
bandwidth make it attractive for avionic applications. Pe 
also eliminates electromagnetic crosstalk and interference 
plus providing increased security Since there are no _ radio 
freguency emissions and inductive coupling is impossikle. 


Interface prcoklems axe decreased since the fibers provide 


total isolation between source and detector, thus 
eliltinating gzcund lsops, ground shifts in dat Gln eu es 
short EtLeEuLts, high voltage isolation, and xinging 


proklems. The most promising advantage is the fact that as 
new processes become available and implemented we kay in 
fact achieve the predicted ultra-broadband (1-10 Giz) 
bandwidth. Finally optical fibers offer potential eccnomy. 

The objective of this project was to determine the 
feasibility of a fiber optic interface between a receiving 
antenna and radio receiver in the high frequency (2-32 MHz) 
spectrum. The advantages cited above would alleviate many 
problems presently encountered onboard.ships and aircraft. 
Many applications for such a system exist, notably where 
many sensors are co-located and data transfer from the 
sensor tc a remote detector is necessary. This is the case 
in wany Shipkoard situations and particularly so onboard 
Submarines. This project was a preliminary attempt to apply 


the emerging optoelectronic technology to this problen. 





If. BACKGROUND 


A typical fiber optical transmission system consists of 
three basic components; the transmitter, the channel, and 
the receiver. Fundamental to each are the optical source, 


the optical fiber, and the photodetector respectively. 


mee )6©OPRTICAL SOURCES 


Various types of light sources are available. In 
genera] to ensure compatability, the light scurce used in an 
optical fiber system should meet the following requirements: 

ae No Special cooling required 

b. Small, lightweight, and preferably inexpensive 

c. Easily nodulated 

Gomebas:e ECSCpOnsce 

e. Capable of continuous operation or high duty cycle 

£. High radiant intensity 

g- Small power consumption 

h. Easily coupled to fiber. 

Traditional sources such as incandescent, fluorescent, and 
gas discharge bulbs do not provide the necessary fast 
response in addition to being large in area, inefficient, 
and fragile. However, injection lasers, light-enitting- 
diodes (LEDS), and diode pumped neodymius—-doped yttriun- 
@alupinum-garnet (Nd:YAG) Lasers satisfy mast ofr the ahbove 
requirements and are compatibie with fibers. For the 
purposes of this discussion, the difference between the 
laser and the LED sources is that the laser possesses a 
Substantial degree of temporal and spatial coherence while 
the LED does not. The effect of this incoherence is to 


Limit LED compatability to multimcde fibers. 


i 


Xe 





Ls incoherent sources 


ae = ee ae ——_ =——_ ee et 


Classical thermal and gas discharge sources are 
inherently inferior for fiber optic applications for a 
number of reasons. fhough they produce watts of oftical 
power they do so inefficiently, in a large spectral range, 
and even a large area. Additionally, they are fragile and 
subject to degradation and failure. Presently, the only 
Suitable incoherent light source compatable with fiber 
optics is the LED which is small, cheap, rugged, reliable, 
efficient, and easy to nodulate. 

The LED [Ref. 1) emits light through the mechanisn 
of electron-hole recombination in the PN junction region. 
ExcesS carriers are generated in the diode in the same 
manner in which minority carriers are injected into the base 
region of a bipolar transistor. For a zero-kiased PN 
junction an inherent potential barrier prevents the large 
concentration of mobile conduction band electrons in the 
n-region from diffusing into the p-region. Similarly, the 
holes in the valence band are prevented from diffusing fron 
the p-region to the n-region. Under forward Eias the 
magnitude of the potentiai barrier is reduced, allowing 
diffusion of conduction band electrons and valence band 
hgles across the junction. Once across, they significantly 
increase the minority carrier concentrations and these 
excess carriers then recombine with the oppositely charged 
majority carriers. This action tends to return the minority 
Carrier concentrations in each region to their equilipriup 
values. fhe reconbination of the excess minority carriers 
Within a diffusion length L of the junction is the mechanisn 
by which optical radiation is generated. The wavelength of 
the emitted light is a function of the material energy gap 
(E ) between the valence and conduction bands and iS_ given 
by 
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1 eee 





where the energy gap is expressed in electron volts and the 
wavelength in microns. Pure GaAS with a gap of 1.4 eV emits 
in the near infrared region while other materials with 
larger energy gaps emit in the visible spectrum. 

A performance limiting factor in LEDS is heat 
dissipation. The ninety percent of the electrical energy 
net converted to optical energy manifests itself'as thermal 
energy and heats the material. The corresfonding rise in 
junction temperature reduces the available output power ina 
non-linear fashion. The continuous wave (cw) output power 
is a linear function of input electrical foyer or drive 
current at low power levels, indicating that temperature 
effects are negligible. Hoxever, all LEDS display a 
Saturation characteristic whereby above a certain current 
level a large increase in input current results in only a 
Small increase in radiant intensity. This is due to an 
increase in relative nonradiative recombination probability 
as well as an increase in reabsorption cf the esitted 
radiation. If the device is operated in the linear fregion 
With lower power levels, reliability is excellent. 

The primary radiation pattern of the EDDy 1s 
Lambertian, i.e. the source Lradiates over an angle of 27 
steradians. AS a consSeguence, the actual radiation pattern 
of the device is determined, in general, by the internal 
geometry of the chip and the type of package used. The 
semiconductor chip containing the PN junction 1s normally 
mounted on a header and encapsulated. Most commerciaily 
available LiDs are Silicgn-doped. solution-grown GaAs 
junctions with refractive optics for beam collimation. 
While these devices are characterized by high efficiency, 
their response tines are relatively slow. 

Planar diffusec LEDs With good high speed 
characteristics are also available. PV pECad lly. t pCmmeone 
juncticns of these devices are formed by zine diffusion into 
n-type GaAS and have typical rise times of a feu tens of 


nancseconds. Several different device geometries are 
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available. The most basic is the flat geometry device in 
which the chip is header mounted and encapsulated beneath a 
transparent window. However, several physical phenomena 
limits the light output of the device to only a few percent 
of the total light generated. Basic to this is the fact 
that the refractive index of GaAS is so high, approximately 
3.5 at standard emission wavelengths, that photons arriving 
at the chip surface-air interface with an angle of incidence 
greater than 159 are subject to total internal reflection 
and reaksorbed within the material. 

This problem can be alleviated by the placement of a 
higher refractive index material onthe chip. These are 
called shaped LEDS. fraditionally a hemispherical dome of 
epoxy has been used. However, truncated spherical emitters 
are now being considered for increased bean collimation and 
hence improved fiber optic coupling performance. 

Diffused junction LEDS are also available as edge 
Siteers. As the nahe implies the light is emitted frem the 
edges of the chip and normally collimated through a 
contoured reflector package. This device overcones the 
absorbticn problems encountered in other geometries. FEroper 
design of the reflector allows focusing to achieve a narrow 
output bean. Refinement of the edge contour-refiector 
eombinaticn of the edge emitters is presently being 
considered for optimum coupling to the different numerical 
aperture fibers. 

Manufacturers typically supply spatial radiation 
patterns. However, the fiber optic designer must realize 
these are normally far field patterns. AS an example, 
location of an edge emitter within the reflector assembly 
causes the near field radiation pattern to be "donut" 
shaped. Far field patterns are cosine-law radiation 
patterns. These could more aptly be termed the diffuse 
source and point source patterns. This subtle fact can he 
impertant for close proximity fiber coupling. 


LEDS are noted for fast response times. Neglecting 





the electrical capacitance .of the device, the lisiting 
bandwidth factor is the carrier lifetime of the material 
which determines the fall time of the device. Carrier 
lifetine in typical commercial devices allow modulation 
frequencies qf 30-100 MHz. Cut-off freguencies for the 
better developmental devices are approximately 150 MHz. 
This would limit the application of LED sources to direct 
use up to VHF signals and require baseband conversion of 


higher frequency sigaals. 


wee Coherent sources 


we EE Eee ew ewes 6 ee ee oe 


Since the first reported laser in 1960 numerous 
Other lasers have been developed and demonstrated. Because 
of the primary concern here with fiber optics systems, let 
us begin with a specification of a laser Suitable for 
communications through a fiber and then consider only those 
that agree relatively well within the boundaries specified. 

Due to the effect of Stimulated Raman and FEritlavin 
scattering cn the power handling capacity of low-loss 
optical fibers {Ref. 2], we would need a laser that prcduces 
more than a few nilliwatts but no more than a few watts of 
monochromatic continuous power. It should have excellent 
freguency stability and be‘tuneable to any of a large nunber 
of frequencies in the visible and into the near infrared 
(IR) region of the spectrun. It should he relatively 
efficient with the light output being at least a few pércent 
of the electrical poyer input. It sShovld operate at roon 
temperature and not require special cooling or elakorate 
heat sinks. It should operate in a single mode, preferably 
the fundamental mode of the fiber. Furthermcre, it should 
be compact and easily handled, have a long lifetine, and not 
reguire a high voltage power supply for operation. 

Gas lasers, such as the HeNe, Ar ion, and CO 
lasers, are numerous and available. However, they are not 
candidates for fiber systems for a number of reasons. For 


instance, because of the CO emission at 10.6 microns, it is 
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not of interest due to the intrinsically low transmission of 
fibers this far in the infrared. Though gas lasers are 
difficult to discuss aS a group because of the diverse 
properties they possess, one night attempt a rough 
generalizaticn from a fiber system compatability perspective 
by saying that, in general, gas lasers have too low an 
efficiency, too short a life, a large power reguirement, do 
not offer any of the tuneability necessary fcr the provision 
of adeguate numbers of carriers for frequency nultiplexing, 
plus cost and size disadvantages when compared to 
semiconductor devices. 

The laser moSt nearly meeting all the afcrementioned 
specifications is the semiconductor injection laser, 
Recombination of injected electrons with holes ina fcrward 
biased PN junction region is the radiation mechanism in this 
device, just as in an LED. However, the design of the two 
devices is considerably different. The injection laser has 
the edges cf the chip polished to create a cavity parallel 
to the plane of the chip which forms a Fabry-Perot 
resonator. Due to the very high population inversion, v¥hen 
the current density (threshold) is sufficient to increase 
the stimulated emission gain of the diode above the cavity 
attenuation, the diocde lases. The intense light is emitted 
from the approximately two micron wide junction with a 
wavelength approximately equal to the wavelength of the 
spontaneous emission. Although special structures can be 
devised to Minimize the emerging bean's divergence, this 
laser suffers from more dispersicn thanpother laser types. 
Typical beam divergences are 59 parallel to the junction 
plane and 159 perpendicular to it. The most advanced cf the 
injection lasers are those made of GaAs but many other less 
efficient materials have been investigated. An immediate 
disadvantage with semiconductor lasers is the fact that the 
power levels achievable depend on the operating conditicns. 
At liquid nitrogen temperatures, several watts cf CHW 


@onerent xcadiation can be Obtalned. But at room 


14 








temperature, because Gf peeiniterna ld power dissifation 
(absorption and nonradiative recombination in the mediun) 
the laser is limited to puised operation. Typical 
commercial devices at room temperature have a duty cycle of 
0.1%, a maximum pulse repetition frequency of 50KH2, and 
questionable reliability. Recent work to alleviate this 
limitaticn has focused in broad area junctions where the 
injected electrons are confined to a region very tuear the 
junction (the resonator region) by putting a thin layer of 
GaAlAs cn tktoth sides of the laser (a SO called 
heterojunction) and relying on the higher energy band-gap 
for confinement. This progress has reduced the critical 
parameter threshcld current low enough to allow room 
temperature cperation. Continuous operation in a laboratory 
bas been demcnstrated at room temperature of stripe-gecmetry 
double hetercstructure uncoated Fabry-Perot junction lasers 
at wavelengths from .773 to .9 micron. However, the one 
remaining okstacle of device life has yet to he completely 
overcome. Progress has been made in isolating the causes of 
degradaticn cf these devices. 

In general, semiconductor lasers offer us high 
efficiency (up to 10 %), output power of the order of tens 
of milliwatts, small size, no requirement for a high vcltage 
Supply, and a range of wavelengths by varying the chemical 
compositicn. Plus the injection laser can be easily 
amplitude modulated by direct electrical modulation of the 
current through the junction. Since the laser dicde is 
relatively new, further improvements in. the devices should 
Rake then highly amenable to wideband single mode fiber 
optics systems of the future. 

Of the solid-state ion lasers, the most promising is 
the Nd:YAG when punped by efficient incoherent 
electrolurinescent diodes. A serious limiting feature for 
many applications is the flowing water cooling requirement. 
However, recent advances indicate conductively cooled 


operation may be a feasible alternative. The dimensions of 
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this laser make it suitable for easy coupling to fiber 
optics. However, an external means of modulation must _ be 
provided. For the design engineer, the external modulator 
requires additional real estate and represents an additional 
cost factor. 

Another area currently under investigation is a 
fiker laser which is based on the fact that a fiber can 
serve as the cavity resonator required for laser action. [It 
is expected that fiber lasers may have lower operating 
thresholds than present lasers and consequently require less 
input pcwer. Although not yet realized, it is indeed an 
Mothiquing possibility. 

Practical engineering considerations strongly favor 
the Semiconductor injection laser. Metallurgical 
improvements of the long term operating life of these 
devices under continuous operation at room temperature are a 
must. Future very wideband single node fiber optics systens 
Bae Grdcubt<edly use a reliable CY semiconductor injection 


laser, 


Pee OPTICAL FIBERS 


The kEandwidth potential of optical communications has 
been reccgnized for Some time but the non-availability of a 
Suitable low-loss transmission nediun has inhibited 
realization of that potential. However, a 1970 report of 
attaining lcsses in the order of 100-200 GB/km in Short 
fengths of fibers provided the first true indication that 
optical communications over fibers for extended distances 
might be realizable. More recently, in mid~197z an 
attenuation of 4 dB/km was achieved at wavelengths cf 850 
and 1060 nancmeter; vith all losses between 600 and 900 
nanometer below 12 dB/km [Ref. 3]. Current experiments 
mmarcate the wltimate lower limit is about 2 dB/km {Ref. 4]. 
These levels Will make possible communicaticns over 


distances of a few kilometers without repeaters. 
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Figure 1 typifjes the relative spectral attenuation 
characteristics of most of the waveguides manufactured to 
date in kcoth the multimode and single configuration. The 
sources of attenuation in fibers are absorption, Or 
conversicn cf light into heat due to nonuniformities in the 
refractive index of the naterial, and SCatrerimig. 


Furthermore, absorption consists of three types: intrinsic, 


impurity, and atomic "defect" color centers. Scattering 
also consists OF three types: eee is ey glass 
inhomogeneity, and aberrations in the ee dra Or 


cross-sectional form of the refractive index [Ref. 5]. Let 
us use the spectral attenuation curve to examine these 
attenuaticn effects. For the region below .6 micron, the 
most important’contrjbution is the attenuation coefficient 
6f intrinsic material absorbtion. In the region .6-1.6 
micron the mechanism of interest 1s the "water" impurity or 
hydroxyl ion (OH} absorption. This contributes the easily 
meemoiftiable attenuation peaks arcund .95 and .725 micron. 
These are, respectively, the third and fourth harmonics of 
the 2.73 micron fundamental vibration of the OH radical. 
Other absorption bands including the .875 micron band, have 
been determined to be combinations of the various O8# 
harmonics and harmonics of the fiber material fundamental 
Vibration. Achieving 2 adaB/km would reguire a barked 
reduction of the fibers CH content leaving scattering as the 
major lcss mechanism, Attenuation due to impurity 
absorption arising from transition-metal ions such as iron, 
cobalt, and chromium is the dominant -loss mechanism in 
commercially available nedium-lass or conventional fibers. 
A loss of 20 dB/km requires impurity concentrations below a 
few parts per billion. Thus the primary problem is that of 
achieving glass purification during the fabrication rrccess. 

aT view Or the scattering loss due to induced 
aberrations in the rerractive index, an LOpe@ barn. 
application consideration is the minimum bending radius 


allcvable for the fibers. Hechaniceily the manimun bend 
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radius cf a fiber is limited by the fibers stiffness and is 
a function of its diameter. Radii of curvature of several 
centimeters are tolerable for all types of fibers. 
Conseguently, bending losses will, in general, be of 
negligible importance in realistic application 
configurations. 

Several fabrication technigues are commonly used tc draw 
fibers. Three main methods are: double-crucible, 
rod-in-tuke, and ion exchange [Ref. 6]. The double-crucible 
technique employs two concentric crucibles with the inner 
crucible containing the higher-index core glass and the 
outer crucible containing the lower-index cladding glass. 
The contents of both crucibles are neated to meiting and the 
fibers are drawn. This technique has heen successfully used 
in the drawing of both single-mode and mnulitinode fibers. 

A second technique is the rod-in-tube or preforn sgethod 
where a rod of higher-index core material is inserted ina 
hollow cylinder of lower<index material. The nozzle erd of 
the rod and cylinder are heated to soften the materials and 
the fiker is drawn from the necked down Section at a 
constant rate. Again both single node and multimode fibers 
can ke fakricated by this method. 

‘A third technigue is ion exchange. A glass fiber rod of 
homogeneous glass 1S immersed in a het salt bath. the 
monovalent alkali icns of the salt and ions in the glass 
interchange in a controlled diffusion process. By stcpping 
this pxrecess hefore complete ionic exchenge OGCUlS .) =a 
parabolic index profile is obtained. After the ion~exchange 
period, the glass rod is heat stretched to make long fibers. 
The primary limitation of this method is the fact that 
fibers froduced are of limited length, typically less than 
20 meters. However, recently the Nippon Sheet Glass Ccmpany 
has developed a new continuous manufacturing process uSing 
fast ion exchange in a special double-crucible method [Ref. 
eo). The inrer and outer crucible conain borosilicate glass 
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(cefractive index 1.489) respectively. The ion exchange 
takes place in the vjcinity of the nozzles of the crucibles 
because of high temperature, with the net result of nog 
distinct boundary between the core and cledding. Typical 
fiber drawing speed is a few tens of meters fer minute. The 
principles of this light~focusing fiber, tradenane SFELFOC, 
will be discussed in more detail later. 

A few basic principles and definitions of waveguide 
pheromena are necessary to clarify the aforenemtioned 
manufacturing methods. The foundation of fiber oftics is 
the principle of total internal reflection. In oftical 
fibers this is accomplished through a refraction effect on 
the light rays propagating in the fiber. Two basic methods 
exist to confine the light in the fiber. One method is’ the 
step-refractive index where the fiber has a core clad with a 
Material cf a lower refractive index. Another metheoed is the 
graded index (GRIN) guide in which the fiber has a high 
refractive index on its longitudinal axis whicn decreases 
approximately as the square of the radial distance until the 
surface 1S reached. In addition to these confinement 
techniques, there are basically two classes of fikers:; 
those that propagate only one mode of radiation (single 
mode) and those that propagate many modes (multimode). 
Figure 2 shows both pictorially. Extending the #sicrowave 
hollow metallic waveguide to optical frequencies is 
impractical because of a high sensitivity to bends. 

A laight beam propagating in a cylindrical fiber ccre of 
high index mateciail surrounded py a cladding of lower index 
Will be confined by total internai reflection if 
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where n andn are the refractive indices of the core and 
Padding respectively and @ 15 the angle betteen the 
propagaticn vector of the incident beam and the axis of the 
Liber cylinder. Additionally, each anternally propagting 


ray must strike the core-cladding interface with an angie of 
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incidence greater than the Snell's Law critical angle 
without exception as it traverses the length of the fiber. 
Cladding thickness 15 usually several wavelengths to ensure 
all nodes coupled in the fiber propagate within the core and 
eradiing. Cverall diameters of fibers manufactured have 
been from several microns to several hundred microns. 

An important parameter for circular or cylindrical 


fibers with step-refractive index variation is 
POLLO 


V = ; (n\n) 


nv” 


where xr is the core radius, } is the free space wavelength, 
Ms tac average refractive index of core and cladding, and n 
the difference in refractive indices between core and 
cladding [Ref. 5]. For values of V below approximately 2.4 
the fibers propagate only the lowest order mode (of a hybrid 
character) and one has a single mode fiber. Above this 
valuz the nuzber of propagating modes increases rapidly with 
the approximate number given by ¥2/2. Furthermore, assuming 
all modes are egually excited, the approximate ratio of 
cladding fower to total power is 8/3V. 

fhe chief advantages of the single mode fiber are its 
low pulse diStonrt tO and large puformation-~transefer 
@emowzdth capability: 1011 hitysec/km [Ref. 3]. Since it 
1S not fossible to combine large core area and tlarge 
acceptance angle and the Se. node propagation 
Smee teristic of the fiber itself, a laser source is 
reguired. Gta: a CW, xcoom temperature solid state 
semiconducter is commercially availabie, this 1S a serious 
mim ictation. Also, the small entrance arerture can pose 
engineering problems in adequate source alignment. 

The fultimode fiber with the step-+refractive index 
profile is commercially available and has been used in many 
recent applications because of its compatability with 
existing sources and detectors, notably the moderately 


priced LEDs and photodiodes. Since the incoherent Light of 
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LEDS can not be injected into a Single mode fiber with high 
efficiency, multinode fibers must be used. the multimode 
fiber can have both a large core area and large acceptance 
angle. However, the infcrmation-transfer bandwidth cf the 
multimode fiker is approximately three orders of magnitude 
less than the single mode fiber; slightly above 108 
bitysecykn [ Ref. 3]. 

Another class of multimode fibers are the graded~index 
(GRIN) or self-focusjng (SELFOC) guides which are fabricated 


to have a radial index variation of the general forr 


n= 7) sech pr 


or by expanding and neglecting higher crder terns 


n= 1) (1-d Clee ) at = a 


where no Peomeeitcece Faceive index On the fiber axis,» the 
radial variation constant related to the focusing distance, 
r the radial distance from the fiber axis, a the distance 
from the axis where the refractive index is na (1 "Gian ane 
d is the difference of the cladding and core refractive 
indices. 

If the input light is injected at an angle with respect 
to the axis cf a GRIN fiber it will oscillate about the axis 
With a periad given by a wavelength ()) 


ee 
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From a practical viewpoint, the primary advantage of these 
fibers is the fact that since all mcdes corresponding to 
meridional rays (HE, modes) have the same group velccity. 
Therefore, though many modes are excited, they should 
experience very little spread during transmission in the 
fiber. Transmission capacity for the new SELFOC fiker is 
larger than 10° bits/sec for one Kilometer [Ref. 7] which 18s 


much more favorable than that of the more typical clad fiber 


ZZ 





COUPLING LOSS (dB) 


12 
10 


\ 


4 8 1.2 1.6 
Yd (micron) 





FIGURE 3. CALCULATED INFORMATION RATES 
FORVSS 1 EICAL SENGLE MODE FIBER 
Pee iachhN Ee ruLok OVERLAP 
EXPRESSED IN dB 





1 aa 3 
NUMERICAL APERTURE 
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with step-refractive index profile. 

Of prime importance for realistic applications is the 
information-carrying capacity of fibers. Many physical 
factors affect the allowable data transfer rate through 
fibers including birefringence, backscattering, and 
dispersion. Birefringence properties of fibers due to local 
Variaticns in the elliptical core form and very small stress 
erstributions result in a calculated information rcate 
limited to 10!2 bits/sec for low-loss Situgle mode fibers 
fner. 8 }. The backscattering effect due to multiple back 
and forth scattering introduces a delay with respect tc the 
Signal for thr scattered light. Considering a pulse train, 
these delays essentially act as background interference. 
Analytically, it has been shown that backScattering will not 
be a serious problem in limiting bandwidth for typical 
fibers (Ref. 9 j. However, at high power-densities 
backward-wave stimulated scattering processes (either Raman 
Sree strtlicuinj) wiil result in a severe attenuation of the 
Signal due tc tke transfer of energy to the stinulated 
backward wave. Both the Raman and Brillouin scattering 
processes introduce power dependent losses when they becone 
stimulated and, hence, impose limitations on the power 
handling capability of the optical fiber. For nultimode 
sources stimulated Raman scattering will set the upper limit 
on the fikers pover handling capability, while for single 
meade sources Stimulated Brillouin scattering will dcminate. 
The critical power due to the Brillouin effect is 
approximately two orders of magnitude less than that due to 
the Raman effect. the estimated critical power for a 2) 
dB/km Single mode fused Silica fiber with an area of 10 ¥ 
mm@° 1s 35 nN for a CW single iongitudinal mode laser [Ref. 
2a). 

For single mode fibers the information~-carrying cafyacity 
is determined by pulse broadening due to material and 
individual waveguide dispersions. Calculated ainformatiun 


rates for a typical Single-mode fiber are given in Figure 3 











[Ref. 3]. At the singular peint near 1.3 micron the glass 
Or material dispersion cancels the waveguide dispersion and 
the bandpass becomes quite large. Pals is uniquely 
intriguing, Lut present needs can be met at any of the other 
wavelengths. 

Multimode step-refractive waveguides are also 
characterized by these same dispersion mechanisms. However, 
Multimode dispersion is also caused by the fact that the 
group velocity of the guided modes is not the same. The 
injected input pover iS shared by any or all of the possible 
modes and, aS a conseguence of the differing group 
velocities, will emerge at different times. Approximations 
of this modal dispersion phenomena are nade uSing 
geometrical ray optics with the pulse width taken as the 
time between the straight-through ray and the ray at the 
e@rrtical angle which sustains muitiple reflections in 
traversing the fiber. Currently the limit on information 
MemGore: Capabiiity cf these fibers is 198 bit/sec/skn. 
Current efforts to reduce the effects of the differing group 
velocities in these fibers invelve a previso for coupling 
between the guided modes [Refs 10}. The GRIN fibers with 
parabolic index profile exhibit less pulse delay distcrtion 
since the group delay differences are nearly egualized. The 
pulse spread iS approximately one order of magnitude Staller 
than that of a fiber with an equal, but abrupt, index 
decline from core to cladding {Ref. 11]. 

Various modified parabolic index profiles have _ been 
explored analyticaliy to find the optimum profile to 
maximize the fiber performance characteristics. However it 
remains to be seen whether the necessary index gradieat 
tolerances theory dictate can be achieved or maintained ina 
producticn Pao. lastye 

Injection and extraction of light from the fiber or 
fiber bundle must also be considered. Launching of 
angularly distributed light from a spatially distributed 


source such as an LED will introduce Losses due to Fresnel 
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reflections at the fiber end, the limited numerical aperture 
(NA) of the fiber, and the packing fraction (PF) of the 
bundle. The numerical aperture cf a fiber is the acceftance 
half~angle, C7728 Descriptively, it represents the 
acceptance cone Size or, equivalently, a measure of the flux 
accepting Capacity of the fiber. Typical values for 
conventional and low-loss fibers ere 0.6 and 0.74 
respectively. Losses due to NA are essentially a collection 
loss and development of an LED with improved internal beam 
collimation will mininize this effect. Figure 4 illustrates 
this point. Fresnel reflections due to an index mismatch 
boundary can be minimized by minimizing the difference 
between refractive indices. Packing fraction is the ratio 
of active core aréa to the total bundle area and is made of 
two parts; the fraction of the circumscribed circular area 
of the bundle covered by the fibers and the fraction of each 
fiber covered by the core giass. Present bundles of 
hexagonel close-packed multimode firers typically have a 
packing fraction cf approximately 25% for low-loss fibers 
and 60% for conventional fibers. 

The coupling problems associated with multiterminal 
communications uSing multimode fibers have prompted the 
development cf four baSic coupler designs: STAR, modular 
STAR, "IT", and multiple "fT". As the names imply there are 
two principle coupler types. The STAR coupler approach is 
Orimarily designed to overcone the low PF-NA effects of 
Mem-rOss fibers. The "fT" coupler is intended for use wath 
conventional fibers and in one forn uses a Scrambler rod to 
ensure uniform djstribution of energy to all fibers. Other 
forms of "I" cgquplers are in the developmental stage. 
Continuing werk to optimize the design criteria of each 
caupler as a ftnction of fiber bundle size, NA, and PF 
Should result in the availability of an off-the-shelf family 
of access couplers in the near future. 

There 1S one problem that can not be disregarded for 


Meet at y applications. Dieegencral,  Opticel glass is 
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sensitive te nuclear and cosmic radiation which causes a 
browning or darkening of the glass that reduces its 
transparency. It has been estimated that fibers using a 
glass core Susceptible to this phenomena would be limited to 
a useful life of ten years [Ref. 12]. Several facilities 
are presently studying the effects of radiation induced 
light generation, index modification, optical absorbtion, 
and light scattering. Progress has been made by the Naval 
Research JLakoratories in radiation hardening by ceriun 
doping of high purity silicate glasses for conventional 
fiber optics and very strong oxidizing conditions during 
fiber preparation for low-loss doped silica fibers [Ref. 
13]. However, extensive testing of fast and thermal neutron 
radiation effects must be done to ensure fiber reliakility 
onboard nuclear powered platforms. 

While remarkable progress has been made in the 
fabricaticn cf low-loss fibers for optical communications, 
further work remains in developing the practical techniques 
and hardware (i.e. optical couplers, splicers, connectors, 
bundling and jacketing techniques, plus electronic devices) 
needed to use fibers effectively and efficiently. Bundling 
is the grouping of many fibers together. Bundles are 
normally jacketed by a PVC or teflon type plastic as a 
protective coating against the environment and to enhance 
their handling characteristics. Cabling of one or more 
bundles will be necessary for practical field handling and 
installation. Cabling techniques are being investigated at 
several facilities. One current approach is a hexagonal 
array of six fiber bundles around a solid core Support with 
@ surrounding jacket. This cable 1S concentrically iccated 
inside an cuter jacket and supported by two staller 
Ceeainarical Wires which provide the necessary tensile 
Strength. 

Interfacing with existing systems Will require 
development cf standard connectors. Modifications of BNC, 


multipin, and specially machined connectors are now being 
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used. However, no standardized interconnectors or field 
repaix technigues have been adopted to date, 

Uniform tests and test procedures must also be developed 
to characterize the physical properties cf fiber optic 
bundles and cables. Both mechanical strength properties and 
environmental performance tests are needed to reflect the 
structural integrity and operability of fiber optics. A two 
year program at the U. S. Naval Electronics Laboratory 
Center has produced tests for bending radius, tensile 
strength, mandrel strength, twist, flexibility, vibration, 
mechanical shock, flammability, thermal, humidity, salt 
Spray, and chemical effects [Ref. 14]. It preliminarily 
appears that fiber optics will be able to stand the rigors 
of shipkoard and avionic operation. 

A Significant by-product of the development of low~loss 
fibers has been the tremendous boost in research efforts to 
develop integrated optics circuits (IOCs). Analogouvs to an 
Gbectronic integrated circevit, the I[0C will centain many 
optical ccmponents on a Single substrate and should offer 
advantages in size, veight, power consumption, cost 
reduction with increased speed, reliability, and ruggedness. 
However, it is anticipated that they will not find 
application in communications until data rates exceed 300 
Mbhysec and spatial multiplexing is extensively used [{Ref. 
1Sj. Functicns they might provide include light generation, 
modulatica, CoGCeEcrIon,;) SwitcCiing, driecticnal coupling, 
bepeaters, spectral filtering, fan in and fan out, flus 
other Signal frocessing functions. Multiterminal access to 
the same fiber is an important feature that might well he 
realized in wideband systems only through I0Cs. It is 
expected that these miniature optical circuits will play a 


central role in the evolving fiber optics technoiogy. 


eee FHOTGCDETECTORS 


As in the case of light sources, many photodetectors are 
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presently available. Within the bounds of fiber cptics 
systems one tay impose certain general reguirements, namely: 

a. Require no special cooling 

b. Ccnverts optical signal to electrical signal 

ce. Small power consumption 

d. Fast response 

e. High sensitivity 

f. Peak response near transmitter wavelength 

ge. Small, lightweight, and preferably inexpensive 

h. Easily coupled to fiber 

- 1. Instantaneous bandwidth wider than signal bandwidth 

j- Minimum noise addition to signal. 

Photcdetectors useful for optical combunications are 
square law detectors whose output current 1s proportional to 
the square of the electric fieid in the optical wave 
averaged over the active area of the detector. Although 
this provides the possibility of mixing a phase or frequency 
modulated signal with a local oscillator to qive heterodyne 
or homodyne detection, they compare unfavorably with direct ° 
detection in fiber systems where background radiation is 
avoided. In a direct detection system, where the carrier is 
intensity mcdulated and not mixed with a lecal oscillator, 
the general relation between the generated rhotocurrent and 


an incident light of power P and optical frequency , is 


ePG 
= N — 
_ hy 


where qe is the Signal current, N is the quantum efficiency 
of the detector, e is electronic charge, G is internal gain 
of the detector, and hy is the photon energy. 

Proper design of detection svstens “fOr -Opticat 
communications is a must. The information btandwidth of the 
communication system determines the longest time constants 
that are permissable in the photodetector and associated 
output CLECULtELY. Detcetor s sShumt capacitance, Sserics 


resistance, and circuit parasSitics have to be considered. 
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Thus the speed of response of the detector and the bandwidth 
of the receiver is a function of the vrveceiver circuitry. 
The bandwidth of the receiver in terms of a load resistance, 
Eeeand shunt capacitance, C, is 
ee ee 
277RC 
The Signal~to-noise ratio and the minimum detectable 
Signal are the ultimate criteria by which the receiver 
sensitivity is judged. The two principal types of noise 
added to the signal are shot noise and thermal noise. Shot, 
or Schottky, noise is due to statistical fliuctuations in the 
rate at which current is generated by the detector. 
Thermal, or Johnson, noise is due to random fluctuaticns in 
the thermcdynamic energy stored in the load resistor. The 
Signal-tc-noise ratio at the ovtput of a generalized direct 
detection system using a photodetector with jnternal gain G 
is 
_ 1° 


N 2 4kTB 
2 + asst 
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where I. is the dark current that is muitiplied with the 
: Ak TRB 

R 

noise current, GB is the detector gain-bandvidth preduct, 


photodetector, 1S emes etiectivye mean-square thermal 
and Tf is the effective noise temperature. 

Before discussing particular photodetector devices, 
their performance characteristics which are cf importance in 
determining the overall optical communication system 
performance are: | 

@eeetiticitency im the conversion of optical radiation to 
Signal current 

b. Time dispersion effects within the device which nay 
limit bandwidth 

Cc. Internal gain mechanisms which may be used _ to 
amplify the primary photocurrent 

de Internal noise souxces which way 1limit| systen 


sensitivity. 





The kest semiccnductor photcdetector is the photodiode. 
The photcediode basically consists of a semiconductor in 
which the current or voltage 1s a function of the incident 
light which generates electron-hole pairs in or near the 
depletion layer of the PN junction. Photodiodes can be 
operated in the photovoltaic mode (zero bias voltage) where 
it can ke considered a voltage source and in the 
photoconductive mode (reverse bias voltage) where it can be 
considered a current source. In the photoconductive mode 
the amplifier assumes the responsibility for current to 
voltage conversion with good frequency response and low 
noise level. The device working into a low impedance load 
operates at maximum bandwidth. In the photovoltaic mode, 
the signal current is converted to a voltage across a high 
valued load res}stance with subsequent vcltage 
amplification. These diodes are normally operated in the 
reverse bias f~egion because the phctoconductive mode yields 
a larger responsivity at wavelenaths qreater than 0.9 f&icron 
and a wider spectral bandwidth than the photovoltaic mcde of 
operation. The ac characteristics of photodiodes can be 
described in terms of an eguivalent circuit shown in Figure 
5 that contains Signal, noise, and dark current generators; 
diode juncticn capacjtance and resistance; flus bulk series 
resistance. The djode junction resistance is very high, 
typically of the order of many megohns. The diode 
Capacitance depends on the applied voltage V and the active 


area A by the relation 


aon A 


Jpv 
where p is the resistivity of the material in ohm-cn [{ Ref. 
16}. 


The guantum efficiency for a particular photcdiode 


ae pF. 


depends on the incident light wavelength and the depletion 
layer width. For incident wavelengths with energy near the 
energy gar of the diode material, light penetrates deeply 


Within the material. Conseguentiy, high quantun efficiency 
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FIGURE 5 PHOTODIODE EQUIVALENT CIRCUIT 
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requires wide space charge layers which leads to frelatively 
long carrier transjt times. In the visible and near 
infrared, photodiodes with high quantum efficiency, fast 
speed of response and low dark currents are available. 

The best devices are a modification of the basic PN 
junction structure with a relatively wide intrinsic layer 
separating the heavily doped P and N regions (the "PIN" 
structure). The depletion region extends throughout the 
intrinsic layer resulting in an increase of the effective 
thickness of the active region. Control of the intrinsic 
layer width allows an adjustment of the effective depletion 
width. Thus the photodiode spectral response which is 
determined by the device material and geometry can he 
tailored for specific applications. The device capacitance 
and carrier transit time are also a function of intrinsic 
layer width. The optimum compromise between these two 
characteristics is achieved when the intrinsic layer is such 
that the transit time is one hal€ of the nodulation reriod 
(Ref. 17}. 

The two primary fabrication technigues are the ciffusion 
technigue in which a P-type impurity is diffused into an 
N-type sukstrate and the Schottky barrier technique in which 
a thin gold film (about 75 A) ) is deposited on the surEace 
of a z3licon wafer. Though the device characteristics of 
each are Similar the Schottky device is typically nore 
sensitive in the wisible and ultraviolet porticn cf the 
spectrum, whereas the planar diffused.devices are slightly 
more sensitive in the IB. Additionally, the diffused 
devices are recommended whenever high temperatures or high 
jight levels are encountered. Typically pianar diffused PIN 
photodiodes give lowest noise values in small area devices 
and Schottky photodiodes give lowest noise values in larger 
area devices. 

The avalanche photcdiode iS very similar tc the 
photodiode mentioned above, except it exhibits current gain 


through avalanche carrier multiplication. This phencmenon 
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is observed at high reverse biaS voltages where carriers 
gain sufficient energy to release new electrcen-hole pairs by 
collision with valence-band electrons. Substantial current 
gains, ey pacally 100, are achieved. The highest 
multiplication is obtained at a bias near the breakdown 
voltage cf the device. Precautions must be taken to 
circunvent destructive breakdown from temperature variations 
and bias supply changes. Since the avalanche multiplication 
is a function of voltage, a well regulated voitage is needed 
in order to ensure a constant gain with tine. 

Additional shot noise 1s introduced by the 
multiplication process and this imposes a limit cn the 
practical usable gain. However, substantial signal-to-noise 
ratio iuprevement is obtained With the avalanche 
multiplication because the thermal moise of the following 
amplifier is orders of magnitude greater than the shot noise 
in the absence of current gain. The largest Signaj~to-noise 
ratio is achieved when the device noise eguais the amplifier 
input noise. Economically, the avalanche photodiode is 
about an order of magnitude more expensive than the PN ox 
PIN photcdiodes. 

Other possible solid state detectors include 
phototransistors, photoFETs, and photoSCRs. All these 
devices are capable of a high gain response but very limited 
in bandwidth. In gereral, they can not operate effectively 
for bandwidths in excess of 10 MHz. Charge coupled devices 
gee also a possibility. Cost iS iS an important factor for 
these devices and is prohibitive for most present 
applications. Yet, they might provide signal processing 
functions necesSary in future systems. Adequate sensitivity 
and bandwidth will also have to be demonstrated. 

It must be noted that photqdiode-operational anplifier 
combinaticns in the same package are now commercially 
available - at very modest prices. In general, FET 
operational amplifiers and low-leakage PIN fhotodicdes are 


the basic components. 
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In summary, to the engineer the major characteristics of 
these depletion mode detectors are the wavelength response, 
nodulaticn frequency response, and sensitivity. The 
wavelength is confined between the material bandgaf long 
wavelength cutoff and the recombination limited SHoEt 
wavelength cutoff. wn addition to the aforementioned lumped 
electrical characteristics, the device freguency response is 
limited by the diffusion effects and drift time in the 
depletion layer. Because of the low device bulk resistance 
the ordinary photodiode is thermal noise limited in wideband 
operation. The following amplifier is the major source of 
thermal noise. Use of avalanche photodiodes can induce the 
shot noise to predominate. PIN and avalanche photodiodes 
are availakie with bandwidths of above 100 MHz and 
approaching 1 GHZ respectively. For analog applications 
excejlent linearity is afforded by the PIN photodiodes. 
This is not the case of avalanche photodiodes unless a 
Sonpilex cCOLpEnS@ting receiver is used to provide a canstant 


and uniform current gain. 





III. SYSTEM DESIGN 

The kasic system architecture proposed was a direct 
interface of a fiber optics link between an antenna and a 
receiver. The fiber optic link was designed to insure 
compatability with a Kollmorgen model 848 voltage probe 
antenna supplied through the courtesy of the Kollmworgen 
Corporaticn and a locally available R-390/URR radjo 
receiver. Basic considerations in the design and 
construction of the system included the use of commercially 
available components, economy of cost, compactness of Size, 
and a minimum of system complexity. 

The design procedure consisted first of defining the 
system ccnstraints and secondly of a survey of commercially 
available products. This concluded with the selection of an 
LED optical source and a hybrid photodiade-preamplifier 
detector with similar spectral characteristics conpatible 
with multimcde fibers. The basic system componentS wuere 
then designed te achieve the best overall systen 


performance. 


mee ODL OLEM CCNSTRAINTS 


Although developed for the specific apflication cited 
previously, the fiber optic system is itself a single 
channel fpoaint-to~point wideband communications systen. 
Utility of the system goes beyond the basic denonstrated 
application. The features of system design were selected to 
achieve a general overall data transmission objective. In 
Spite of the stress placed on the importance of the 
Penerence Gf radiation for recent optical transmission 
systems, an incoherent LED source was used because of the 
relatively Short «transmissicn path and the LEDS high 


efficiency, compact size, rugged construction, reliability, 
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and, perhaps mcst importantly, cost. The ability of the LED 
to be directly modulated offered the simplest technigue for 
interfacing the fiber optic system and either an analcg or 
digital system using analog intensity modulation and envelop 
detecticn of the optical signal. Selection of the LED 
source dictated a multimode fiber with a relatively large 
NA-~PF combination. 

A fiber optics system gives rise to a unigue combination 
of constraints for transmission of analcg information. 
Fundamental and practical differences between optical 
channels and radio-frequency (RF) channels exist. In 
Optical transmission uSing an incoherent LED source there is 
no useful phase jnformation. However, optical direct 
detection compares rather favorably with heterodyne and 
homodyne systems Since the fiber optics minimizes backcround 
radiation noise effects, Gallium arsenide LEDs have cutput 
power versus bias current characteristics which are 
sufficiently linear ever a reasonable range that they can be 
modulated directly by modulating their bias currents. [t 
should be noted that the optical power, not amplitude, is 
proporticnal to the drive signal. However, a photodiode 
detector is a square law device whose output current is 
propertional to the received power. Therefore, an intensity 
moagubated optical eystem can be thought of as two 
transducers converting electrons into photons and vice 
versa. 

The fiber optic communication system developed wsed a 
Bilecarrier direct detection scheme wherein the optical 
Carrier is intensity modulated by a high frequency radio 
Subcarrier wave which is itself modulated by an information 
signal. Figure 6 contains a generalized bliecck diagram cf 
the receiver section. The output of the optical detector is 
an electrical signal at the subcarrier freguency plus 
detector noise. The second detection operation must be 
perforned by the electrical detector to obtain the 


RHforpaticn signal from the SUDCGITICr. Since the 
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FIGURE 6 SUBCARRIER DIRECT DETECTION OPTICAI, RECEIVER 
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Subcarrier filter output voltage is linearly proportional to 
the subcarrier wave, any linear AM, FM, ox PM radio receiver 
provides proper denedujation. 

Development of a suitable design required determination 
SeecheuEChincicay) Constraints Of the signal-to-noise ratio. 
Of key itportance was the fact that the detected Signal is 
proporticnal to the square of the nodulation index of the 
Sinusoidally modulated carrier, the average received orftical 
power, and the detector efficiency. Provision was made in 
the design of the modulator to provide for a suitable 


modulation index while maintaining a satisfactory bias. 
Be LRANSHITIER 
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The SPX 1527 stud mounted light emitting digde used 
in the assembled transmitter 1s a planar diffused galliun 
arsenide edge enitter manufactured by SVECLEGHKLCS, 
Incorporated. {Its characteristics are indicated in Table I. 
The packages have threaded studs and were simply screwed 
into a common mounting block attached to the printed circuit 
board which served as a current return path. Figure 7 shows 
the very harrow, 22 nanometer, spectral emission of the SPX 
iMedia tagure 8 shows the Ear-ficild radiation pattern. The 
LEDS purchased were selected devices providing a mininum of 
meri y percent of the total output power in a bean 
half-angle cf ten degrees. Figure 9 shows the £fcrvard 
current-voltage characteristics. Figure 10 shows that the 
Output crtical power is linear with bias current in the 
range of interest with the average optical output increasing 
about seven percent more than the drive current. The 
important performance characteristics are the linear cutput 
power, radiation response time, and the good thermal design 
an the LED tc minimize junctacn temperature rise. Since the 


SPX 1527 is an edge emitter no light comes fron the top of 
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Table 1 So yao) oD Characteristics 


Parameter 7 Typical Value 
Aperture diameter -080 in 
Junction diameter 0025 in 
Reverse breakdown voltage (I = 10 uA) Cua 
Total capacitance {V = 1V¥, F = 1 MHz) Ze eet 
Series resistance 1 ohn 


Radiation response time (rise time = fall time) .02 usec 


Delay time 1 nsec 
Total power output (I = 150 inh) 3 mR 
Peak emission wavelenath {~— = 50 mA) 907 no 
Optical bkandwidth (I = 50 mA, half~power) 22nn 


the chip and all light emitted strikes the reflector. Thus 
pre effective emitting area viewed by the fiber is "donut" 
Shaped wath a void in the center. The fact that no light 
will be ccupled to the fibers in the ‘center of the fiber 
bundle 1S a compelding reason to use a fiber bundle with a 


sufficiently large numerical aperture for adeguate coupling. 


Zs IED Modulator 
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In designing a driver circuit for a spcntaneous 
emission source such as an LED, a major consideration is the 
necessary dc hias current required. Efficient photoemission 


Occurs then the diode is forward biased which then presents 


Gu 





a lew non-linear impedance to the circuit. The driver 
circuit must be designed to limit the diode current and 
provide adeguate thermal Stability. Thermal runaway 
problems which can occur with the use of a voltage supply 
for current Liasing can he avoided by uSing a current supply 
Which will frovide a stable bias and a convenient means for 
modulaticn. The linear relation between optical cutput 
power and bias current makes spontaneous scurces such as the 
SPX 1527 LED ideal for linear optical intensity modulation. 

The driver circuit designed tas a two transistor 
high current gain Darlington pair of emitter followers 
functioning aS a linear amplifier because of the high amount 
of emitter feedback. The diode biaS current vas determined 
largely ty the voltage across the two emitter resistcrs of 
the second transistor. This voitage waS approximately 1.4 
volts below the bias voltage established at the base of the 
first transistor due to the emitter-base voltage drops of 
the forwaid ktiased transistor juncticns. The voltage at the 
base of the first transistor was stable kecause it was 
established with a self-biasing resistor network. Hence, 
the diode kEias current was Stable. The intermediate 
resistor in the emitter of the first transistor ensured that 
each transistor shared in the overal] current gain and also 
reduced the possibility Om high-frequency and 


high-temperature instabilities. 


3. Censtructed transmitter 
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A schematic of the total modulator circuit is shown 
in Figure 11. The first three ac-coupled stages provide the 
necessary amplification to achieve a suitable naqdulation 
index, Eecause of the wideband requirement it was necessary 
to select transistors with high gain-bandwidth products’ to 
provide gain across the frequency band. The final cutput 
transistor also had to be capable of handling the maxinun 
LED bias current of 150 mA. fhe transistors used were a 


3N140 NOSFET input stage, bipolar 2N5835s for the second two 
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amplifier stages, and bipolar 2N5109s for the LED driver 
stage. The 3N140 15 a Silicon n-channel depletion node 
dual-gate MOS field-effect transistor. Primary among the 
reasons fcr its use as the input stage was to establish a 
low noise” figure and to Minzmize cross- and inter- 
modulation distortion. The 2N5835 is an NPN silicon high 
frequency transistor with a current gain-~bandwidth product 
exceeding 1 GHz for collector currents of 1 to 10 oA. The 
2N5109 is an NPN silicon RF power transistor especially 
designed to provide iarge dynamic range, low distortion, and 
low noise as a wideband amplifier. [t has a gain--bandwidth 
product éxceeding 1 GHz over a wide range of collector 
currents and 1s capable of handling a maximum continuous 
coljector current of 400 mA. The 3N140, 2N5835, and two 
muei0O9 Output Characteristics are shown in Figures 12 
through 15 respectively. 

Due to the depletion mode operation of the FET, 
Input signals were limited to peak excursions equal te the 
approximately 0.6 wvolt source bias voltage. This was 
compatible with the Hewlett~Packard model HP 467A amplifier 
used as a preranp for the modulator circuit. For other 
applications where larger input signal levels are available 
and Wider bandwidths desired, a common base bipoiar 
transistor input stage can be used to replace the 3N140 
amplifier stage. 

A self biasing network was used for the driver 
biasing. The emitter resistors of both emitter followers 
established the collector current levels. Analysis of the 
circuit showed the input impedance to be approximately the 
parallel kase bias resistor combination, R!?#. The overall 
current wasS approximately the ratio of R! to the Q5 emitter 
resistor. Due tq the limitation of the depletion node 
Operation of the first stage, it was found that the 
hecessary dc bias resistance (0Q5 emitter resistor) did not 
provide the necessary current gain to achieve a satisfactory 


modulaticn index. Sjnce a hich modulation index was desired 
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FIGURE 12 
Sic o COMMON —SOURGE, OUTPUT CHARACTERISTICS 
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FIGURE 13 
2N5835 COMMON EMITTER OUTPUT CHARACTERISTICS 
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FIGURE 14 
Q4 2N5109 COMMON EMITTER OUTPUT CHARACTERISTICS 
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49 





for increased Signal-to-noise ratios at the detector it was 
necessary to avoid the degeneration and hence loss of 
current gain due to the Q5 emitter resistance. Since the 
total dc resistance was determined from bias conditions, the 
effective ac emitter resistance was lowered with a by=pass 
capacitor shunting a portion of the dc resistance. This 
result 1s indicated in the schematic. 

The LED bias current level was set at Slightly 
above 70 mA which was the collector current producing 
optimum gain-bandwidth performance of the 2N5109. Operating 
at this current level necessitated placement of a heat sink 
on the output transistor for improved heat dissipation. fhe 
total power supply reguirements for the transmitter are a 
positive 12 volts delivering 115 mA. 

The modulator was fabricated on a 3 by 5 inch 
two-sided printed circuit (PC) board and mounted in a 
metallic box. The box used had louvered side vents to 
provide adeguate ventilation. Ground planes were 
established on each side of the PC board and connected to 
chasis grcund through the four corner SUP POLrts. op 
additicn, component ground connections were soldered on both 
Sides of the PC board to egualize the potential at all 
peints in both ground planes. External power supply 
terminals and a BNC input connector were used to eliminate 
spurious radiations... Proper layout and shielding of the 
transmitter was necessary to realize the full pctential of 
merit and INI @haracteristics of theyitber optics. 

A plugable connector for the: fiber was machined 
docaljy to provide a firm mounting support and provide 
coupling ease for the fiber bundle, Sitileameeco a “phono 
jack", a female receptacle was wail mounted in both the 
transmitter and recejver boxes. Both ends of the fiber were 
fitted vith male connectors. These connectors consisted of 
a tetainer collar holding a split cylindrical collar around 
the ferruled fiber ends. The retainer coilar and top of the 


Split cylindrical fiber collar can be seen in Figure _ 16 
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which shows the optical] transmitter, fiber, and oftical 
receiver comkination. Though simply designed and fabricated 


these connectors worked guite well. 


Ce OPTICAL FIBER 


During development of the fiber optic system total 
optical attenuation waS an important deSign parameter in 
specifying system performance and device selection. Since 
the total permissable attenuation can be increased only by 
increasing the total optical power ‘from the LED or by 
increasing the photodetector responsivity, design 
flexibility was limited. In the system developed the fiber 
ortics ccntributed most of the optical attenuation. The 
fifty foot, lens terminated fiber optic bundle used was 
purchased frcem Spectronics Incorporated with the designation 
SPX 1633. The fiber optic bundle was made from conventional 
mujtimode fibers manufactured by Galilec Electro-Cptics 
erp. and lens terminated by Spectronics. Characteristics 
of the Galileo fiber bundles are shown in Table 2. Choice 
of the relatively high loss fibers was due to the relatively 
Short transmission path which caused the primary oftical 
losses to ke due to coupling and decoupling light frcm the 
fiber bundles. Low-loss fiber bundles with their poor 
packing fractions and low numerical apertures impose 
coupling renalties which, for short distances, does not 
justify their choice over the more economical conventional 
fiber optics. Comparing the Corning ‘Glass iGw-loss fiber 
mumdres to the Galileo fiber bundles showed a NA of .14 
versus .66 and PF of .27 (-5.7 dB) versus .75 (-1.3 dB) 
respectively. The difference in the fpacking fraction 
introduces a 4&4 dB comparative coupling penalty. The 
total attenuation for the 50 foot cable used was 12 dB as 


Gompared to 1.5 dB for a low-loss cable. 
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Jable 2 Eber eOre vc Characteristics 


Individual fibers Nominal value 
Outside diameter 20025) Asn 

Core to ocutside diameter ratio ZO7ZA 
Numerical aperture - 66 

Core index 15629 


Fiber optic bundle 


Bundle diameter 045 in 
Outside diameter sUGOnt 
Packing fraction | p44 290 B) 
Jacket material PVC 
Attenuation | = CHAD? ot 


The lens terminations with the: fiber at the focus 
elininates the void in the near field SPX 1527 radiation 
pattern and uniformly illuminates the end of the fiber as 
Sow in Figure 17. The fact that the lens diameter is 1.75 
times larger than the LED reflector aperture makes the 
coupling lcss insensitive to small changes in the lens and 
LED relative positions. 

Preliminary design vork was made using the following 


assumed syStem optical attenuation sources: LED (108 halt 





FIBERS 


JACKET 


7 





t A FERRULE 


CIRCUIT 
SOARD 


FIGURE 17 
LED-=FIBER INTERFACE 
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angle), -5 dB; LED/fiber -interface, -3dB; fiber bundle, 
-12dB; detector/fiber interface, -3dB. This resulted in an 
assumed total system attenuation of 23dB. The system 
attenuation was meaSured uSing an insertion loss’ technigue. 
This measurement was made using the SPX 1527 and the MIF 428 
under the same operating conditions as used aei the 


communications system, 


tee OPTICAL RECEIVER 

Perfcrmance and econonic considerations prompted the 
choice cf a FIN photodiode for the optical detector. To 
minimize interface complexity and ensure best operating 
performance of the photodiode, a phetodiode-preamplifier 
combination was selected. This device, one resistor, and 
two capacitors provided a direct interface with the 
R-390/URR radio receiver which was easily implemented and 
Serticzent in operation. 

The photcdetector selected was a MDF 428 manufactured by 
Heret Inc. fhis high speed hybrid optoelectronic receiver 
iS a Sag ve on PIN photodiode-transimpedance amplifier 
combination in a Single 3~pin TO-5 heaGer package. The MDF 
&28 cffered a spectral responsivity shown in Figure 18 which 
provided excellent compatability with the SPX 1527 plus a 
nominal electrical bandwidth of dc to 60 MHZ. The maxinun 
responsivity of 4.5 mY output per microwatt of incident 
optical pcwer occurs at 905 nm. The device output rms noise 
voltage in a 50 MHz bandwidth is less than 80 microvolts and 
the noise equivalent power (NEP) “per root Hertz is 10!2 
Watts/(H2) . Power supply reguirements are a single Bt 
weno +3 to £2 yolts) at a current drain of less than 3.5 
mA. The single power supply provides bias for the Pin 
photodiode and operationai voltage for the transinpedance 
euplitier. ' Figure 19 shows a schenatic of the 


detectoryamplifier combination. 


Pee NIGH ALE I) SYSTEM 


The integrated system configuration with the fiber optic 
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FIGURE 18 
MDF 428 SPECTRAL RESPONSIVITY 
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interface is shown in block form in Figure 20. It was a 
direct fiker optic interface between the VPA antenna and the 
R-390/URR radio receiver. All system componentS preceding 
the receiver were in wideband operation and passed RF high 
frequency (HF) signals from 0.5 to 32 MHz. 

The Kollmorgen voltage probe antenna iS a very ccmpact 
broadkand antenna. The entire package is cylindrically 
Shaped with a diameter of two inches and a height of three 
inches. A schematic of the VPA is shown in Figure 21. 
Power (28 WV dc) waS Supplied to the VPA through the inner 
coaxial line conductor. 

Due to the low output signal levels from the VPA it was 
necessary to provide amplification to achieve Signal levels 
adeguate to drive the LED driver stage. The Hewlett-Packard 
model 461A wideband amplifier was used as a 20 dB 
pre~anplifier for the optical transmitter. It haS a 
Ffreguency response of +1 dB from 1 KHZ to 150 MHz. Although 
a 4G dE gain node was availabie, the naxinun ontput cf the 
K6OTA was 0.5 V rms or 1.4 V_ peak-to-peak. Using these 
values, the maximum input signal, without clipping, is 140 
BV and 14 mV on tne 20 and 40 dB gain modes respectively. 
The depletion mode operation of the input stage cf the 
transmitter limited its input to 620 mV. It was determined 
that local :commercjal AM radio Signals were of sufficient 
strength to saturate the input stage in the 4&0 dB_ mode. 
Conseguently, the 463A was operated exclusively in the 20 GB 
mode thrcugheut the test and analysis procedures. 

The R-390/URR has been the primary military general 
purpose HF receiver for two decades. It provides for the 
reception of voice, Cu; Single side band, and 
freguency-shift Signals over a frequency range of 0.5 to 32 
MHZ. The receiver is a thirty-two tube, twenty-six crystal, 
Superheterodyne receiver of the triple ccnversion type. 
{Triple ccnversion is used for the lower frequencies (to & 
MHZ) and doukle conversion for the higher frequencies (8 to 
Bee HZ) < 
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The receiver furnishes audio frequency (AF) output power 
to a lccal headset and/or speaker. A 455 KHz intermediate 
frequency (IF) output is also available to drive auxilliary 
equipment. Both were used in the overall system test and 


evaluaticn. 
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IV. SYSTEM PERFORMANCE 

Tests were performed iC determine the conplete 
integrated system performance. Analysis of the system 
consisted of an examination of its frequency resfonse, 
Hinimum discernible signal, saturation level, and distcrtion 


Seivaracteristics. 


Wee CREQUENCY RESPONSE 


Due to the upper frequency rolloff gain characteristics 
of the VPA the frequency response of the optical transmitter 
was tailored toe partially compensate for this fact and to 
compensatc fcr the proximity of a local commercial AM radio 
transmitter transmitting at 1.24 MHz. 

The voltage response Of the transmitter was examined 
With the test configuration shown in Figure 22. Equipment 
used in this and subsequent tests included an SG-85/URN~25D 
RF signal generator, MX-148?7/URN-25D impedance adaptor, and 
a fektrcnix type &22 oScilloscope. Instruments were 
interconnected with five feet lengths of RG-58C/U coaxial 
cables with BNC terminations. Hewlett-Packard 621A power 
Supplies were used to provide power to both the oftical 
transmitter and receiver. The voltage response test was 
conducted by inserting a constant 5 milliv¢lt peak~tc-peak 
Sinusoidal input and neasuring the 05‘ emitter voltage. The 
input and output signal levels were continyously mcnitored 
on channels 1 and 2 of the oscilloscope respectively. The 
voltage response is Shown in Figure 23. Tailoring of this 
response was accomplished by the selection of the enritter 
byrpass capacitors in the three amplifier stages. 

The optical system response was performed using the 
configuration shown in Figure 24%. A second 461A amplifier 


Was used to drive the oscilloscope due to the receiver 
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FIGURE 22 VOLTAGE RESPONSE TEST EQUIPMENT CONFIGURATION 
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FIGURE 23. TRANSMITTER VOLTAGE RESPONSE 
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FIGURE 25 OPTICAL SYSTEM RESPONSE 
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Output signal level. The results are indicated in Figure 
as The low frequency response was suppressed by the Q5 
emitter by-pass capacitor. This proved the best choice to 
compensate for the local Signal environment. However, only 
one gate of the dual-gate 3N140 was used in the constructed 
transmitter. Use of the second gate of this device could 
alsq provide compensation, This extra design flexikility 
was incorporated for future refinements of the systen. 

The operational freguency response of the complete 
interfaced receiver system was determined uSing the 
Benrtiguration of Figure 26.. The "phones" AF output was 
used to drive the 422 oscilloscope for measurement purfoses. 


Figure 27 indicates the results of this test. 


Be MINISUMN LISCERNIBLE SIGNAL 


Determination of the minimum descernible signal (MDS) 
level was conducted over the HF band by means of the audio 
output of the R~3990, The phone AF output monitored auraily 
on a standard 600 oln headset and the IF output visually on 
a Tektrconix type © dual-beam oscilloscope with a type iL5 
spectrum analyzer |: bee Oop ae The R-390 receiver was 
Operated with maxi: im RF gain, maximum local AF gain, 1 KHz 
bandwidth, and in the manual gain control mode. The BFO was 
used to previde an audible AF output. The NDS was one 
microvolt fer the 2-25 MHz band and a maxinum of three 
microvolts across the total band. In all cases the fiber 


was disccnnected to ensure it was conducting the signal. 


C. SATURATION LEVEL 


It was experimentally verified that the depletion mode 
Operation ex the input Stage established the syste 
Saturation level. An input voltage of 62 mV to the 461A 
preamplifier was SULEPCL Ent to saturate the oftical 
transmitter and introduce severe distortion. Observations 


of the AF output jndicated that proper adjustment of the RE 
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FIGURE 27 ~iNTEGRATED RECEIVER SYSTEM RESPONSE 
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gain and AF local gajn controls on the R~390 was necessary 
to prevent saturation of the AF output for millivolt input 
Signal levels. 

The dynamic range of the system can be determined fron a 
compariscn of the system MDS and saturaticn level. The 


mid-band dynamic range was in excess of 80dB. 


eee DISTCKTION 


Tests were performed to determine the distortion levels 
of the system. No harmonic or inter-modulation distcrtion 
was okservable in the IF or AF output of the R-390. 
Therefore, the optical receiver output was sampled directly. 
Signal content of the fundamental and in-band harmonics of a 
1 mV, 5S MHz input signal was determined with the aid of the 
Tektronix 551 dual~beam oscilloscope/1L10 spectrun analyzer 
plug-in wynit combination. A 461A 4&4OdB instrumentation 
amplifier was used to amplify the optical receiver cutput 
and drive the spectrum analyzer. The input Signal was first 
monitored to establish a reference level for the fundanrental 
and harmcnics of the URN/25D signal generatoz: output. These 
were used tc normalize the chserved system output. The 
first harmonic was 45 dB below the fundamental signal level 
All harmonics were a mininunm of this value belcw the 
fundamental. 

The intermodulation distortion level resultant f£rem the 
product of two input Signals was determined. A 5 MHz signal 
was obtained from the SG-85/URMN25D and a (een 2o signal LECH a 
SG-117/URN26D signal generator. Again, the input Signal was 
monitored tc normalize the system output. For signal input 
Jevels fron 1 microvolt to 10 millivolts the cutput 
inter-modulation freguency outputs are a minimum of 40 dB 
below the fundamental outputs. 

The abqve results indicate no appreciable distcrtion 


introduced by the fiber optic interface. 





V. CONCLUSIONS AND RECONMENDATIONS 

This project consisted of essentially two prinary 
thrusts; the status of present optoelectronic technology and 
its applicability to a specific problem. It was found that, 
indeed, the present optoelectronic and fiber Otc 
technologies are sufficient for the development of first 
generaticn systems uSing discrete components and multimode 
fibers, Many near term applications capitalizing cn the 
inherent advantages of the fiber optics transmission redium 
have alréady been explored and implemented by governnent 
agencies as well as commercial oc¢cncerns. In most cases, 
off-the-shelf fiber optics and discrete compecnents have been 
utilized. These efforts directly reflect the recent trends 
mmemodularization, digitaiizaticn,. and miniaturization. 

A preliminary effert vas made m0 determine the 
applicability of fiber optics technology co the 
antenna~receiver interface in a radio system. An interface 
was designed, fabricated, and tested. It is felt that the 
proposed direct interface in a receiver system requiring 
high sensitivity, darge dynamic range and low distcrtion 
presents a dilemma With the present semiconductor 
technology. The maximum linear dynamic range of the LED 
Optical scurces is confined by their power dissipation 
ratings and temperature effects. The regiired sensitivity 
would dictate the use of an avalanche detector which is a 
ncn-linear device unless intricate compensation is provided. 
Hence, a distortion problem. The PIN photodicde solves the 
distorticn problem but at the expense of a restricted 
dynamic range. The dynamic range of the MDF 42E kas 
Specified by the manufacturer at slightly over AO dB. 
However this specification is for a wide band measurement 
instrument. The performance of the developed interface 


clearly indicates that a narrow hkand detector such as _ the 








R-390 can Significantly extend this range. It was learned 
subsequent to the construction of the optical interface that 
Meret has developed another photodetector (NDF 528) 
providing an additional 10-15 dB dynamic’ range. This was 
accomplished by providing separate power supplies fcr the 
PIN photodiode and the transimpedance amplifier. 

While facilities for comprehensive testing of the 
integrated system with calibrated antenna inputS was not 
avallable, serveral conclusions have been reached fren the 
bench testing done. The basic concept of the ianterface for 
an HF system of an analog intensity modulated LED, 
conventional multimode fiber optics, and photodiode detector 
has been demcnstrated. The SPX 1527 radiaticn response time 
of twenty nanosecondS will prohibit its use at higher 
frequencies. This fact is true for present commercially 
availabie LEDs. The interface conplexity could be 
Significantly reduced by direct incorporation of an LED 
feeenin the VPA antenna. The circuit of the VPA would 
require only minor modification. This 1S an engineering 
practicality and certainly far superior to the developed 
systen. In addition, this would provide an optoelectronic 
interface consistent with military requirements that is 
potentially much Superior to present technigues. 

For shipkoard and avionic applications, notably where 
many sensors are co-located, data transfer from Sensor to 
detector will be facilitated in the future by a fusicn of 
existing Single mode fibers, .currént avionic data~bus 
technology, the emerging integrated optics technology, and 


lmproved cptical modulation techniques. 





REFERENCES 


flies Nuese, C. J., Kressel, H., and Ladany, [.,"The future 
Zoe eSs", JTEEE Spectrum 328-38, 


Hay 1972. 
Bes Smith, R..G., “Optical power handling capacity cf low 
loss optical fibers as determined by stimulated Raman and 
Bee oot scattering", Applied Optics 11: 2489-2494, November 
Se Bielawski, W. B., “Low-loss optical pe 
aoaao StauucwwereLeCetnO-=OvtlCal Sys. Design 5:22-28, April 
4. "Expect 2 dB/km losses in optical fibers", 
Mee CG Opi ical Ges. Destya 2iGg July 1973. 
D's faucet. lee Grass LIibers for optical 
Sonuunteatrtonus", LEEE Proc. €1:452-462, April i973. 
6. Pearson, A. D. and French, W. G., “Low-loss glass 
fibers for opftical transmission", Beli Lab. Record 
pe 603-109, Aprit 1972. 
7 


° Monzzunt, Ken et al., "New light-£ocusing Beecs fibers 
nade by a continuous process", 1973 ITEEE/OSA Conference on 
Laser Engineering and Applications. 


S. Chown, M. and Kao, K. C.,"Wide-band fiber waveguide 
communication systens fOr pea frequencies", Elec. 
Communication 46:1718-124, 1971. 


a hoe eee we dUrer, hs Do, and Teter, MN. P.,"“Theory 
ot backscattering effects in waveguides", Applied Ortics 
Male 4552-13564, June Vo. 


fie Nareuse, Da, “pulse nes in multimode 
mec lectric yore ue ceS believe. LCChe JOULE. Ns | 199— 1232, 
Bie y-August, 19/2. 


fe Gloge, D. and Narcatili, E. A. J., “Impulse response of 
fibers with PiigeoiercdpardgOlre Andex dactribution', Bell 
eo. £6CCh. JOUG 52; 1161-11698, Septernber 1973. 


Sroukey tf. t.. !'Optacal data links .a coming 
aGtEt cil bLeGclrEO-Ooptical Sys. DeSign 5:298-30¢ September 


2 
at 
Vo 
fee o1961, G., “Radiaticn Suess in fiber orftics", 
mouryindustry-wide Integrated Optics and Fiber Optics 
Communications Conference, 15 May 1974, 

14. Lebduska, R., "Fiber optic cable test evaluation", 
DoD/industry-Wide integrated eee ander iaber, Optics 
Communicaticns Conterence, 15 May 1974. 


feo ccuke,".f. h., “integrating optics: Putting the pieces 
We fy i =23 


Be See ectro~optical Sys. Design 5:18 Septenrer 
Tol aveOre, hn. Fo, “Transiter of information on naval 
vessels via fiber cptics transmission lines", NELC Tech. 
Pepe thaiwosstso2, dJantiary 1972. 

17. =Stigliani,_J., et ere aoa Optical datawiinks'| 
PoUeeeling nepam (2-53 1-001: 16,4 eee) oe 


eZ 





Lo. 


INITIAL DISTRIBUTION LIST 


NO. 


Befense Documentation Center 
Cameron Station 
Alexandria, Virginia 22314 


Peeprary, Code 0212 
Naval Postgraduate School 
Monterey, CA 93940 


Me. Stephen Jauregui, Jr., Code 52Ja 
Associate Professor of Electronics 
DEpartment of Electrical Engineering 
Naval Postgraduate School 

Monterey, CA 93940 


bie Jessie C. Ross, USN 
CINCPACFLT 

Box 50 

FPO San Francisco 96610 


Commander 

Waval Security Group Command 
3801 Nebraska Avenue, N. W. 
Mashington, D. C. 20390 
ATTN: G80 - CDR H. Orejuela 


Naval Electronics Systems Command 

Naval Electronics Systems Command Headquarters 
Washington, D. C. 20360 

MmrIN: PME 107 - LCDR R. Shields 


marector 

National Security Agency 
Fort Meade, Maryland 20755 
ATTN: W. Group - J. Boone 


Petofessor John P. Powers, Code 52Po 
Department of Electrical Engineering 
Naval Postgraduate School 

Monterey, CA 93940 


Naval Electronics Laboratory Center 
Z7i Catalina Blivd 


SoanmDieco, CA 92152 
ATTIN: Dr. Albares 


Dean of Research 

Naval Postgraduate School 
Monterey, California 93940 
Aten Coce O23 


i 


OF “COPIES 


ie 


10 








J BJULTS 23506 





3 Ml £2 
| Thesis 

| R7 456 Ross 

Ce A wideband RF applica- 
tion of fiber Optics, 


thesR7756 


DUDLEY KNOX LIBRARY 





